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Bovine leukemia virus contains a pXBL region encoding the 3′ parts of four regulatory proteins (Tax, Rex, G4, R3) in overlapping reading
frames. Here we report the pXBL polymorphisms of 30 isolates from four countries. Rates of overall and synonymous substitutions were
consistently lower, and nucleotide/amino acid composition bias and codon bias higher, in more-overlapped than in less-overlapped regions. Ratios
of nonsynonymous/synonymous substitutions were lowest in the tax gene and its subregions. The 5′ parts of the four genes showed selection
patterns corresponding to their genomic context outside of the pXBL region. Longer G4 variants due to a natural stop codon mutation had
additional triple overlap with reduced sequence variability. These data support the concept that a higher level of overlapping in coding regions
correlates with greater evolutionary constraint. Tax, the most conserved among the four regulatory proteins, showed purifying selection consistent
with its importance in the viral life cycle.
© 2006 Elsevier Inc. All rights reserved.Keywords: Bovine leukemia virus; Overlapping genes; Tax; Rex; G4; R3; Polymorphism; Constrained evolution; SelectionA codon has three nucleotide positions, making three reading
frames possible within the same genomic segment. Although
overlapping reading frames can occur in many types of
organisms [1], they are most common in viruses [2], possibly
to make the most efficient use of a comparatively small genome.
One nucleotide change in an overlapping sequence can affect
more than one gene and influence the evolution of all genes in
the sequence.
One method to determine the evolutionary constraint on an
overlapped gene is to measure the rate of overall nucleotide
substitution (number of variations per site) and, more
specifically, the rate of synonymous nucleotide substitutions
(PS, the number of synonymous substitutions per synonymous
site). Synonymous nucleotide substitution does not result in an
amino acid change, as does nonsynonymous substitution. PS is☆ Nucleotide sequence data from this article have been deposited with the
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doi:10.1016/j.ygeno.2006.12.007independent of external selective pressures and is usually higher
than PN [3], the rate of nonsynonymous substitutions (number
of nonsynonymous substitutions per nonsynonymous site). PN
may be subject to external selective pressures, i.e., required
structural conservation of the protein product and its conforma-
tional constraint [4]. In overlapping reading frames, a synon-
ymous change in one gene may not be neutral in the others.
Therefore, PS of overlapping genes could be severely
constrained [5,6]. For the protein product of a gene, the degree
of evolutionary constraint and selection on it can be indicated
by the ratio PN/PS [7,8], <1 for purifying and >1 for positive
selection. Purifying selection, also known as negative selection,
is a type of natural selection in which genetic diversity
decreases as a particular trait value (phenotype frequency) is
stabilized in the population. In comparison, positive selection
increases the frequency of certain variations and occurs when an
equilibrium in the population has not been reached.
Another approach to test the evolutionary constraint on a gene
is to measure the percentage base composition (nucleotide bias).
The bias is toward either G+C or A+T for double-stranded
genomes, while for single-stranded viruses, any individual
503X. Zhao et al. / Genomics 89 (2007) 502–511nucleotide can take precedence over the other three [9]. Specific
nucleotide biases can translate into amino acid biases [10], which
have been demonstrated in overlapping viral genes [11]. Biased
nucleotide composition also correlates to the unequal use of
synonymous codons, which can be evaluated by the codon bias
index (CBI), with 0 being uniform codon usage and 1 being
maximum codon usage bias.
Bovine leukemia virus (BLV) is an exogenous retrovirus that
is widespread in cattle and causes enzootic bovine leukosis.
Together with human (HTLVs) and simian T-lymphotropic
viruses (STLVs), BLV belongs to the genus Deltaretrovirus of
the family Retroviridae. BLV contains a pXBL region coding
for the 3′ parts of four regulatory proteins by overlapping
reading frames (Fig. 1): Tax, which is an activator of viral and
cellular transcription [12] and responsible for malignant
transformation [13]; Rex, which posttranscriptionally binds
and stabilizes viral RNAs to facilitate its translation [14,15]; and
two accessory proteins, G4 and R3, possibly responsible for
maintaining high viral loads during persistent infection
[16–19]. The 5′ parts of the four proteins are encoded in the
LTR (G4) or the pol–env region (R3, Rex, Tax) of the BLV
genome, 1500 to 6000 nucleotides (nt) upstream of the pXBL
region (Fig. 1). After transcription, properly spliced mRNAs
bridge the two coding regions for each corresponding protein.
The complexity of the BLV pXBL region makes it an
interesting model to test possible evolutionary influences on
overlapping reading frames. We previously examined the
double overlaps between tax and rex using 5 field isolates
together with 3 published BLV sequences [20]. Here we report
results from longer genomic regions (the full lengths of all four
BLV regulatory genes, including the entire pXBL coding
region) in a larger sample pool (29 newly sequenced fieldFig. 1. Genomic structure of the BLV pXBL region and locations of the 5′ parts of t
shown. Genomic positions are numbered according to the first published BLV gen
amplified by five sets of PCR primers are shown. The length of each genomic regioisolates collected worldwide and 1 published reference BLV
sequence). This made it possible to examine both double and
triple overlaps in more complex contexts, with a more
comprehensive set of analyses. Several natural stop codon
mutations within pXBL are reported here for the first time, and
their relevance to evolutionary constraint is examined.
Results and discussion
Sequence variations of the BLV pXBL region were determined
for cattle isolates from different areas worldwide
Proviral BLV DNAwas detected by nested polymerase chain
reaction (PCR) (Fig. 1) using bovine genomic DNA collected
from different areas: five states in the United States, three
provinces in Costa Rica, five prefectures in Japan, and one area
in Belgium (Table 1). All cattle were first determined to be BLV-
positive by serological tests (immunoblotting, enzyme-linked
immunosorbent assay, and/or agar gel immunodiffusion assay)
performed in the country of origin (data not shown), and none
were reported to have leukosis at the time of sample collection.
Positive PCRs were found in 58 genomic DNA samples whose
pXBL region was sequenced. To minimize possible sampling
bias, of those 58 BLV isolates, only 29, whose sequences repre-
sent all of the observed combinations of nucleotide variations in
pXBL, together with the pXBL sequence of the first published
BLV genome (K02120) [21], were included for further analyses
(Table 1). These 30 BLV pXBL sequences were different from
one another, in that 159 of 1155 single nucleotide sites (13.78%)
showed variations from the consensus. The variation rate in an
individual isolate ranged from 0.17 (2/1155) to 4.50% (52/
1155), with a mean of 1.79% (20.67/1155). The sequences of thehe four BLV regulatory genes. The three reading frames in the pXBL region are
ome (GenBank Accession No. K02120). The positions of genomic segments
n is not drawn to scale.
Table 1
BLV isolates from cattle in different geographic areas
Sample Viral source (location of donor cattle)
US CA-1 Davis, California, USA
US CA-2 Davis, California, USA
US CA-3 Davis, California, USA
US IA Iowa, USA
US ID Idaho, USA
US PA Pennsylvania, USA
US WI Wisconsin, USA
JP AI-1 Aichi, Japan
JP AI-2 Aichi, Japan
JP EH-1 Ehime, Japan
JP EH-2 Ehime, Japan
JP FU Fukuoka, Japan
JP HY Hyogo, Japan
JP IWa Iwate, Japan
JP KA-1 Kamikawa, Japan
JP KA-2 Kamikawa, Japan
JP MI-1 Miyagi, Japan
JP MI-2 Miyagi, Japan
JP MI-3 Miyagi, Japan
CR AG-1 Alajuela-Grecia, Costa Rica
CR AG-2 Alajuela-Grecia, Costa Rica
CR AS-1 Alajuela-San Carlos, Costa Rica
CR AS-2 Alajuela-San Carlos, Costa Rica
CR AS-3 Alajuela-San Carlos, Costa Rica
CR GC Guanacaste-Canas, Costa Rica
CR LC-1 Limon-Central, Costa Rica
CR LC-2 Limon-Central, Costa Rica
CR LC-3 Limon-Central, Costa Rica
CR LV Limon-Valle de la Estrella, Costa Rica
BG Belgium
a Sequence adopted from already published BLV genome (K02120) [21].
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pXBL region, were also determined for each isolate.
Overlapping reading frames have constraint on sequence
variability
We used five methods to measure the degree of evolutionary
constraint on sequence variations in each gene/subregion (part
of a gene). The rates of overall nucleotide substitution in coding
sequences within BLV pXBL are summarized by Fig. 2A.
Significantly lower overall nucleotide diversities were observed
in double-overlapping regions compared with nonoverlapping
regions (p<0.05 forG4 and tax), as well as in triple-overlapping
regions compared with adjacent double-overlapping regions
(p<0.001 for rex and tax) or compared with nonoverlapping
regions within the same gene (p<0.001 for G4 and tax). More
specifically, comparisons using rates of synonymous nucleotide
substitution also showed significant differences between over-
lapped and non- or less-overlapped subregions for G4, rex, and
tax (all p values <0.05) (Fig. 2B). The results of both types of
comparisons are consistent with the prediction that the
constraint of overlapping genes would decrease overall
diversity and restrict the number of neutral substitutions, as an
accommodation to the conservation needs of multiple genes.
The percentage of each nucleotide (A, T/U, C, G) present in
each pXBL gene/subregion was measured to test possibleevolutionary constraint further. The overall percentage of
cytosine (C) was the highest of all four nucleotides in the four
genes (data not shown). This is consistent with previous reports
that the BLV/HTLV group has a C bias [10]. Other retroviruses
have other nucleotide biases that are related to retroviral
phylogeny, e.g., an A bias in lentiviruses [10]. It was proposed
that speciation could result from selection for variants with
extreme nucleotide biases, since those variants would have
different nucleotide precursor requirements and be able to
occupy a less competitive ecological niche within the cell. Since
no stop codons contain C, the C bias could facilitate the
coexistence of overlapping reading frames [22].
The rex gene showed the highest overall percentage of C
(37.3%) compared to the other genes (34.4, 34.1, and 36.8% for
R3, G4, and tax, respectively). For the nucleotide percentage in
the second codon position, where a nucleotide substitution will
inevitably be nonsynonymous, C was found to be the most fre-
quent among the four nucleotides for G4, rex, and tax genes
(data not shown), and the rex gene showed the highest C per-
centage in the second codon position (47.8%) compared to the
other genes (10.7, 33.2, and 30.6% for R3, G4, and tax, respec-
tively). For the C percentage in all three codon positions, the
highest was found in the first position for G4, second position
for rex, and third position for R3 and tax (data not shown).
We observed differences in C bias in overlapped vs.
nonoverlapped coding regions of R3, G4, and rex, whereas
there was no significant difference in C bias across the tax gene
as a whole (data not shown). One might expect that a nucleotide
bias would limit amino acid variety, especially in the case of C
bias in the second codon position, since only four amino acids
(serine, proline, threonine, and alanine) have C at their second
codon position. Indeed, the combined composition percentage
of those amino acids in different proteins/protein subregions
showed the same pattern of bias as corresponding C bias
described above (Fig. 3). It is well established that DNA
nucleotide bias influences amino acid composition in all
organisms with a double-stranded DNA genome [23]. This
was later found to be true also for single-stranded viruses [10].
In comparison, a high C bias in the third codon position (as in
R3 and tax) would not result in the same reduction of amino
acid diversity, since a large portion (16 of 20) of amino acids
have codons with third-position C.
Comparisons were further conducted for subregions to
examine whether within a given coding region of a gene, the
presence or absence of overlap with another gene(s) would
correspond to changes in amino acid composition. For G4 and
rex, higher amino acid composition biases were observed in
coding sequences with vs. without overlap with another gene(s),
whereas no significant difference was observed across the entire
tax gene (Fig. 3). This suggests that the tax gene is least
influenced by overlap with other genes, but often puts constraint
on these other genes. The opposite trend in R3 subregions may
be an artifact due to short sequence length (16 and 11 amino
acids).
Finally, we used CBI to measure the deviation from equal use
of synonymous codons. To avoid bias associated with very short
length, genomic regions <60 nt were excluded, viz. the left
Fig. 2. Rates of (A) overall nucleotide substitution and (B) synonymous nucleotide substitution in the BLV pXBL coding region. Each shaded bar represents a
subregion of the 3′ gene (within pXBL) indicated to the left, corresponding to the coding region shown on the top (not drawn to scale). Blank bars represent
the total sequences of 3′ genes within pXBL. The y axes represent the rate of (A) overall or (B) synonymous nucleotide substitution (number of variations per
site).
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overlapping region inG4) and the R3 gene (Fig. 1). Significantly
higher CBI values were observed in overlapping regions
compared with adjacent nonoverlapping regions, as well as in
triple-overlapping regions compared with nonoverlapping or
adjacent double-overlapping regions within the same genes (all
p values <0.001). The same pattern was observed even after
further adjusted for sequence length, e.g., rex/tax double overlap
(357 nt) compared with several random 357-nt-long nonover-
lapped tax sequences (within nt 7667–8172) (all p values
<0.01). Thus, overlapping genes may have evolved different
codon usage strategies to balance the constraint they put on one
another. Overall, our measures of evolutionary constraintsuggest that overlapping reading frames restrict sequence
variability in the BLV proviral genome.
The Tax protein is the most conserved BLV regulatory protein
and shows purifying selection
Our results indicate that for the 3′ parts of R3, G4, rex, and
tax, all within the BLV pXBL region and coding for regulatory
proteins, tax has the highest mean nucleotide variation rate
(1.86% compared with 1.24, 1.29, and 1.40% for R3, G4, and
rex, respectively). However, Tax protein has the lowest mean
amino acid variation rate (2.12% compared with 3.73, 3.18, and
3.38% for R3, G4, and Rex proteins, respectively). Correspond-
Fig. 3. Amino acid composition bias. Combined percentage of serine, proline, threonine, and alanine in pXBL proteins/subregions (means of 30 isolates) is shown on
the y axes. Comparisons were done for subregions indicated as a pair of bars with corresponding genomic locations indicated on the x axes. Numbers 1 to 7
immediately below the top map indicate assigned blocks spanning the sequence between the two flanking genomic position numbers (not drawn to scale). +, overlap
with; −, not overlap with.
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acid changes was significantly lower in the tax gene than in any
other genes (data not shown). Accordingly, we tested the
possible selection pressures on the four proteins, indicated by
PN/PS ratios.
Despite its highest overall variability (PN+PS) (Fig. 4A), tax
has the lowest mean PN/PS, always significantly <1 (Fig. 4B),
suggesting purifying selection. The other three genes consis-
tently showed significantly higher PN compared to PS along
their total pXBL coding sequences (Fig. 4), suggesting positive
selection.
Low PN/PS value of a gene is usually linked to the importance
of structural conservation of the encoded protein product.
Consistent with our data, other studies on the overlapping S and
P genes of hepatitis B virus [24], on the overlapping P and C
genes of Sendai virus [7], and on the overlapping region
between the vpr and the tat genes of simian immunodeficiency
virus [25] demonstrated strong differences in PN/PS values
between different coding regions/reading frames. Interestingly,overlapping genes can be under purifying selection in one frame
and positive selection in an alternative frame [26,27], which was
also observed in this study.
The tax gene's lower PN/PS could be due to a lower PN
(indicative of less amino acid sequence change) or to a higher
PS (related to larger nonoverlapping portion of a gene). Since
tax has a higher percentage of nonoverlapping sequences
compared with the other three genes, to rule out the latter
possibility, we further tested the PN/PS of each reading frame in
the coding regions tax shares with G4 and/or rex. PN/PS is
always lower in the tax reading frame than in the reading frames
of other genes in the same overlapping coding region, and PN/
PS is always less than 1 in the tax subregions tested (Fig. 4). The
consistently observed purifying selection in the tax reading
frame vs. positive selection in other reading frames demon-
strated that tax’s low PN/PS is most likely due to high structural
conservation of the Tax protein (low PN).
The need for structural conservation could be higher in
critical functional domains within Tax. Consistent with this
507X. Zhao et al. / Genomics 89 (2007) 502–511idea, we observed significantly reduced PN in Tax's T cell
epitope (nt 7576–7695; PN=0.0037) and negative regulation
domains (nt 7963–8010; PN=0.0010) compared with their
sequence context, nonoverlapped tax coding sequence (nt
7667–8172; PN=0.0092) (p values <0.01). The zinc finger
domain (nt 7333–7404) [28] did not show reduced PN
compared to its sequence context, rex/tax double overlap (nt
7311–7666), but its “core” amino acids, two cysteines and two
histidines, were highly conserved with no mutation observed.
Tax has also been found to be more conserved than Rex in
primate T cell leukemia viruses I and II [29], which are in the
same genus as BLV. This is consistent with our expectation that
Tax might be the most important regulatory protein for
deltaretroviral behavior. BLV Tax activates the transcription
of both viral and cellular genes [12,30,31] and may enable
oncogenic transformation via inhibition of DNA repair path-
ways in infected cells [32]. In order for infected cells to produce
viral particles, the transcription activator Tax must build to a
certain level before the other pXBL genes are transcribed. The
functions of Rex, G4, and R3 seem to be single, simpler, and
later compared to the diverse, more complex, and earlier
functions of Tax [14–19]. It is possible that the other three
regulatory proteins arose from the overprinting [22] of the
pXBL region and conferred a selective advantage for BLV,
similar to the hypothesized evolutionary origin of certain
overlapping genes in vertebrate genomes [1,33]. Based on our
results, the overlapping reading frame of the tax gene constrains
the neutral as well as the selective evolution of the rex and G4
genes. The lowest PN/PS ratio in tax indicates that Tax may be
under greater needs of structural conservation, whereas R3, G4,
and Rex may be more tolerant of amino acid substitutions,Fig. 4. Statistics of PN and PS values of coding sequences within BLV pXBL. (A) PN a
their overlapping coding regions within pXBL, where the same nucleotide sequence
frames. (B) Corresponding PN/PS values. The horizontal line marks PN/PS values at 1
hatched and shaded, PN/PS. The infinity sign (∞) indicates where the quotient (PN/PS
positions are numbered according to the first published BLV genome (GenBank Acconsistent with their less critical roles in BLV life cycle and
behavior.
Natural stop codon mutations might affect gene expression
We designated nucleotide variation according to the nucleo-
tides involved and their base position, e.g., T7308C means the T
in base position 7308 (numbered according to GenBank
Accession No. K02120) of the consensus sequence has been
replaced by a C. A point mutation, C7131T, in isolate JP MI-3
resulted in a premature stop codon within the G4 reading frame,
as CAA (encoding Q) mutated to TAA (stop codon), potentially
truncating the G4 protein from 105 to 46 amino acids. None of
the other proteins of JP MI-3 were affected by C7131T.
Another stop codon mutation is T7308C, which abolishes
the G4 stop codon (TGA to CGA) in eight Costa Rican isolates
(CR AG-1, AS-1, AS-2, GC, LC-1, LC-2, LC-3, and LV),
potentially resulting in 14 additional amino acids at the end of
the consensus G4 until a downstream stop codon (7350–
7352TGA) is met. The sequence between the two G4 stop
codons (7308–7310TGA and 7350–7352TGA) is highly con-
served in all 30 isolates and showed significantly reduced PS
values compared with their sequence context, the rex/tax double
overlap (nt 7311–7666): 0 vs. 0.0093 for rex and 0.0148 vs.
0.0299 for tax, respectively (p values <0.01).An explanation for
such conservation could be that a triple overlap within that
region results when the first G4 stop codon does not function. In
that case, a nucleotide variation would affect not only rex and
tax genes, but also G4. Our observation of the longer G4
variants matches the prediction of the possible presence of
highly overlapped genes in region nt 7308–7349, based on thend PS in regulatory genes (5′ parts outside pXBL and 3′ parts within pXBL) and
is used to code for parts of different regulatory proteins using different reading
. PN/PS<1 indicates purifying selection. Hatched bars, PN; shaded bars, PS; bars
) is undeterminable due to a zero divider (PS) indicated by “0” in (A). Genomic
cession No. K02120).
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serve as a marker for a possible additional overlapping frame(s)
during computerized gene screening [6]. We further examined
PS for rex and tax reading frames between the second (7350–
7352TGA) and the third (7614–7616TAG) G4 stop codons and
did not find significantly reduced PS (0.0120 for rex and 0.0268
for tax), confirming that the previously observed reduced PS
values within region nt 7308–7352 were due to real triple
overlap rather than random chance.
Those eight Costa Rican isolates composed a separate
phylogenetic cluster from other isolates (MEGA3.1 neighbor-Fig. 5. Clustering of 30 BLV isolates based on full-length pXBL coding sequences. T
(MEGA3.1) with 1000 bootstrapping replications and condensed with a cut-off value
the right of that fork occurred among 1000 trees.joining method with 1000 bootstrapping replications), consis-
tently shown in all five trees based on the full-length nucleotide
sequences of the pXBL coding region (Fig. 5) or based on R3,
G4, rex, and tax genes (data not shown). Due to the lack of
detailed disease information on JP MI-3 and those eight Costa
Rican donor cows (since they were all apparently asymptomatic
at sample collection and there were no reports of leukosis), we
were unable to evaluate the possible influence of G4 variants on
the host health status in this study.
To explore further the possible uniqueness of the Costa
Rican cluster, we tested the overall and synonymous substitu-he phylogenetic tree shown was constructed using the neighbor-joining method
at 50%. The numbers on the forks indicate the percentage of times the cluster to
Table 2
Sequences and locations of primers used in this study
Primer
set a
Primer
name
Genomic
location b
Primer sequence (5′–3′) A.T.
(°C)
P1 Out 5′ 6700–6716 TAGCGGGAGGCTCTGGT 49
P1 In 5′ 6786–6802 GCTTCCGCTTTTTACGC 49
P1 Out/In 3′ 7600–7583 ATTGGCATTGGTAGGGCT 49
P2 Out 5′ 7153–7169 TATTTCCACCTCGGCAC 52
P2 In 5′ 7211–7226 ACCTGATAACGACAAA 52
P2 Out/In 3′ 7776–7762 AAAGACGGACAGCCG 52
P3 Out 5′ 7628–7642 CATTATCGGGCACG 52
P3 In 5′ 7734–7756 CTTCGATACCCTCCTTGTGGACC 52
P3 Out/In 3′ 8310–8292 AGGGGAAGTTGGGGAGGTA 52
P4 Out 5′ 1–20 TGTATGAAAGATCATGCCGA 52
P4 In 5′ 23–38 TAGGAGCCGCCACCGC 52
P4 Out/In 3′ 571–552 GTTAGGGTTCCGGGGTGATC 52
P5 Out 5′ 4700–4720 CCGGGCAAAACAATCGTCGGT 54
P5 Out 3′ 5810–5791 CTGATGGCTAAGGGCAGACA 54
P5 In 5′ 4763–4778 CTCTCCTGGCTACTGA 42
P5 In 3′ 5697–5683 AGGAAGCCGTAGAGA 42
S1 3′ 7423–7404 CATCGGCGGTCCAGTTGATA 52
S2 5′ 7421–7435 ATGGACGACCTTGCG 52
S2 3′ 7600–7583 ATTGGCATTGGTAGGGCT 52
S3 5′ 7862–7880 CCTTCTCTCCTAATGTCCC 52
S3 3′ 7996–7981 CGGTTAGGAATAGGTC 52
S4 5′ 41–59 CGTAAACCAGACAGAGACG 52
S4 3′ 571–552 GTTAGGGTTCCGGGGTGATC 52
S5 5′ 5144–5661 TGATTGCGAGCCCCGATG 52
S5 3′ 5443–5425 GCCCGTGCTGTTTGATTTA 52
A.T., annealing temperature. Primers (synthesized by Operon Biotechnologies,
Inc.) labeled “Out” represent primers used for the first round of amplification.
Primers labeled “In” were used for the second round of amplification and lie
within the sequence amplified by the “Out” primers.
a P, PCR primer; S, sequencing primer.
b Numbering of genome locations is based on the first published BLV
genome (K02120) [21].
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selection (PN/PS) for this cluster separately. All of those tests
revealed patterns similar to those for the total sample pool (30
isolates) reported above (data not shown). However, for the
combined percentage of serine, proline, threonine, and alanine,
differences between those eight Costa Rican isolates and the
whole sample pool were found in the pair comparisons for
certain R3 and rex subregions involving overlap with G4 (data
not shown). This indicated a certain extreme constraint the
altered sequence lengths placed on the overlapping regions. The
observation that the combined amino acid percentage remained
unchanged across the tax reading frame in those Costa Rican
isolates supported the idea that Tax protein composition is little
influenced by other overlapping genes, probably due to the
importance of its structure conservation.
The 5′ parts of R3 and rex genes showed purifying selection,
unlike their 3′ parts
To test further the possible effects of the high level of
overlapping within pXBL on the coding sequences, we
compared the 5′ parts (outside the pXBL region) of R3, G4,
and rex to each corresponding 3′ gene (within pXBL). The 5′
tax gene (nt 4868–4871) was excluded due to its short length
(4 nt only). For the three 5′ genes tested, the overall sequence
diversity and overall nucleotide/amino acid compositions were
not significantly different from those of the corresponding 3′
parts (data not shown). The 5′ R3 and rex genes are identical to
the beginning of the env gene encoding the Env protein, which
plays crucial roles in the BLV life cycle (e.g., cellular tropism
[34] and immunogenicity [35]). Like other BLV structural
proteins, Env has often been found to have purifying selection
[36]. The coding sequence triply shared by R3, rex, and env
showed purifying selection as expected for the env structural
gene, unlike the positive selection for the major parts (3′ parts
within pXBL) of the R3 and rex regulatory genes (Fig. 4). This
is consistent with the relatively greater importance of Env
protein.
In comparison, the 5′ G4 gene showed positive selection like
the 3′ and the full-length G4 gene. The 5′ partial G4 gene is
located within the BLV long terminal repeat, where no other
coding sequences are identified, and it overlaps only with an 11-nt
interferon regulatory factor binding site [37]. This sequence
context would not be expected to impose much extra constraint.
These observations suggest that the selection pattern, indicated by
PN/PS, of partial genes could be influenced by the genomic context
of their location, rather than by another part(s) of the same gene.
In summary, we present the first report on polymorphisms in
the full-length BLV pXBL coding region and, to the best of our
knowledge, the first population study to examine triple-
overlapping reading frames in any viral genome. Our data
showed that the greater the number of overlaps in a coding
region, the greater the evolutionary constraint exerted on it. The
data also indicated that the Tax protein was the most conserved
among all four BLV regulatory proteins, consistent with its
more important role in BLV regulation. Most previous
evolutionary sequence studies on Deltaretroviruses have beendone on genes encoding structural (e.g., Env) and/or enzymatic
(e.g., Pol) proteins, whereas this research focused on BLV
regulatory genes. Mutations could theoretically affect open
reading frames on another strand and micro-RNA (miRNA) of
retroviruses. However, although miRNA regulation has been
reported in other retroviruses, like HIV-1 [38], and in human
leukemia etiology [39], it has not been described in BLV. Using
a more comprehensive set of sequence variability analyses, our
results corroborated studies on other viruses suggesting that
genes in overlapping reading frames cannot escape the pressure
they exert on each other [7,24,25]. In addition, G4 variants with
extra amino acids at the carboxyl end showed geographic
clustering and supported the idea from other researchers that a
reduced rate of synonymous substitution can be useful in
predicting an additional overlapping frame [6]. It was also
suggested that partial genes showed a selection pattern specific
to the individual genomic context, independent of the selection
pattern in another part of the same gene.
Material and methods
Cell culture
Two BLV-producing cell lines, FLK (fetal lamb kidney) [40] and Bat2Cl6
(bat lung epithelia) [41], were maintained in Dulbecco's modified Eagle's
510 X. Zhao et al. / Genomics 89 (2007) 502–511medium (Gibco BRL) with 100 μg/ml streptomycin (Pfizer), 100 U/ml
penicillin, 50 U/ml polymyxin B, 2 mM L-glutamine, 10 μg/ml insulin, and
10% fetal bovine serum (Sigma Chemical Co.). Cells were grown at 37 °C in a
moist atmosphere of 5% CO2 and passaged at confluence.
Biological samples and DNA extraction
DNA samples US-IA (from FLK; laboratory reference strain) and US-PA
(from Bat2Cl6) were extracted from BLV-positive cell lines, and the other US
(United States) and CR (Costa Rican) samples were genomic DNA extracted
from the peripheral blood leukocytes of BLV-infected dairy cattle, using the
Qiagen DNeasy Tissue kit (Qiagen). No leukocyte DNA extraction was carried
out in laboratory rooms used for post-PCR amplification work, to avoid
contamination with laboratory strain BLV. The BG (Belgian) and JP (Japanese)
samples were gifts from other researchers and obtained as already-extracted
bovine genomic DNA.
PCR, sequencing, and sequence alignment
Because the proviral BLV is often present in low copy numbers, nested PCR
was done to increase sensitivity. The reactionmixwasmade up in a hood in a room
remote from the main laboratory. The DNA samples were added in a hood in
another separate room. The final reactionmix contained 1× buffer, 2.0mMMgCl2,
200 μM dNTPs, 200 μM each primer (Fig. 1, Table 2), and 1.5 U Taq polymerase
(Promega). Sterile hot-start reaction tubes (Molecular Bio Products) were used to
reduce nonspecific amplification. The cycling conditions were 94 °C for 3 min; 30
(Out) or 42 (In) cycles of 94 °C for 30 s, corresponding annealing temperature
(Table 2) for 45 s, 68 °C for 30 s; then 72 °C for 7min.After amplification of a 50μl
reaction, 1.5 μl of product was electrophoresed on a 1% agarose gel stained with
1% ethidium bromide and viewed under UV light, and the rest was purified using a
QiaQuick Spin PCR purification kit (Qiagen). The mixture sent out for direct
sequencing at the University of California at Berkeley Sequencing Facility
contained 6 μl purified PCR product mixed with 1 μl 5 μM sequencing primer
(Table 2). All plain-text sequence reports were checked against corresponding
electropherogram. All sequence variations were confirmed by double directional
sequencing of three independent PCR replicates for each segment. Multiple
sequences were aligned and consensus sequences calculated by GI1.5 (Textco,
Inc.) and MEGA3.1 programs [42], which were also used for computing the
similarity between isolates and the individual nucleotide/amino acid composition
of each isolate.
Nonsynonymous and synonymous substitutions, codon bias index
The DnaSP4.0 program (www.ub.es/dnasp) was used to calculate the
number of synonymous and nonsynonymous sites and substitutions for each
defined coding region, by comparing to the corresponding consensus sequence.
Results were further confirmed using pair-wise comparisons [43], which did not
change any selection pattern, and gave a higher level of statistical significance
for the differences (lower p values). DnaSP4.0 was also used to calculate codon
bias indexes. DnaSP4.0 and MEGA3.1 translated the coding nucleotide
sequences into amino acid sequences.
Statistics
The significance of differences between two paired data groups (e.g., the
sequence variability of overlapping vs. nonoverlapping coding regions of the R3
gene in 30 isolates) was measured using theWilcoxon matched pairs test. Multiple
comparison analyses were conducted using repeated-measures ANOVA with
Student–Newman–Keuls posttest to compare all the pairs (e.g., the sequence
variability of non- vs. double- vs. triple-overlapping coding regions of the tax
gene in 30 isolates) (GraphPad Instat version 3.00).
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